The research described here provides the most comprehensive qualitative characterization of three combustion-related standard reference materials (SRMs) for polycyclic aromatic sulfur heterocycles (PASHs) and some alkyl-substituted (alkyl-) derivatives to date: SRM 1597a (coal tar), SRM 1991 (coal tar/petroleum extract), and SRM 1975 (diesel particulate extract). An analytical approach based on gas chromatography/mass spectrometry (GC/MS) is presented for the determination of three-, four-, and fivering PASH isomers and three-and four-ring alkyl-PASHs in the three SRM samples. The benefit of using a normal-phase liquid chromatography (NPLC) fractionation procedure prior to GC/MS analysis was demonstrated for multiple isomeric PASH groups. Using a semi-preparative aminopropyl (NH 2 ) LC column, the three combustion-related samples were fractionated based on the number of aromatic carbon atoms. The NPLC-GC/MS method presented here allowed for the following identification breakdown: SRM 1597a -35 PASHs and 59 alkyl-PASHs; SRM 1991-31 PASHs and 58 alkyl-PASHs; and SRM 1975-13 PASHs and 25 alkyl-PASHs. These identifications were based on NPLC retention data, the GC retention times of reference standards, and the predominant molecular ion peak in the mass spectrum. Prior to this study, only 11, 1, and 0 PASHs/alkyl-PASHs had been identified in SRM 1597a, SRM 1991, and SRM 1975, respectively. 
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are highly carcinogenic and mutagenic environmental pollutants originating from a wide variety of natural and anthropogenic sources [1, 2] . The National Institute of Standards and Technology (NIST) has determined PAHs in environmental and combustion-related standard reference materials (SRMs) for over 40 years [3] [4] [5] and other groups have reported novel methods for PAHs using these SRMs [6] [7] [8] [9] . These SRMs have been used for validating new and current analytical methodologies in the PAH measurement community. The samples under investigation in this study are SRM 1597a (coal tar), SRM 1991 (coal tar/petroleum extract), and SRM 1975 (diesel particulate extract). These samples are suitable for direct analysis of PAHs by GC/MS with minimal sample cleanup. The certificate of analysis (COA) for SRM 1597a, SRM 1991, and SRM 1975 include certified mass fraction values for 34, 30, and 8 PAHs, respectively. NIST assigns certified values to SRMs for PAHs based on results of two or more independent analytical methods [3] . In cases where this requirement is not satisfied, the values assigned are denoted as reference mass fraction values typically based on measurements by only one analytical method. The COA for SRM 1597a, SRM 1991, and SRM 1975 include reference mass fraction values for 37, 15, and 23 PAHs, respectively.
Despite the extensive characterization of these three SRMs for PAHs, polycyclic aromatic sulfur heterocycles (PASHs) have been studied far less in SRMs although their occurrence in various combustion-related samples has been confirmed [10] [11] [12] [13] [14] [15] [16] [17] [18] . Studies have also shown PASHs to have high mutagenic and carcinogenic potential as PAHs [19] [20] [21] [22] . The identification and quantification of individual PASHs in these combustion-related SRMs are more challenging in comparison to PAHs because the addition of the sulfur atom in the heterocyclic ring allows for a larger number of possible isomeric compounds. In some studies, the concentrations of PASHs are known to be greater than or equal to the concentrations of PAHs, which demonstrates the need to determine PASHs in SRM samples [21, 22] . To date, DBT is the only PASH to be identified and quantified in SRM 1991 and none have been identified in SRM 1975. Previous studies by Mössner and Wise [10] reported the quantification of 11 and 59 PASHs in SRMs 1597a and 1582, respectively. SRM 1582 was a Wilmington crude oil issued in 1982, which is unfortunately no longer available. Methods used to quantify PASHs in these SRMs employed a combination of normal-phase liquid chromatography (NPLC) and gas chromatography (GC) coupled to either a mass spectrometer (MS) or atomic emission detector (AED) [10] . NPLC fractionation was used to separate the complex samples to isolate individual compounds for quantification using an aminopropyl (NH 2 ) stationary phase. The analysis via GC/MS and/or GC/AED employed the use of multiple GC stationary phases with different selectivities, which included a 5% phenyl-substituted methylpolysiloxane (phenyl-MPS) phase, 50% phenyl-MPS phase, and/or 50% liquid crystalline dimethylpolysiloxane (50% LC-DMPS) phase. Several studies have evaluated the retention behavior of PASHs and alkylPASHs on these type of GC stationary phases [23] [24] [25] .
In the current study, the qualitative characterization of the separation profiles of the three SRM samples performed by GC/MS analysis, with and without NPLC fractionation, to identify a large number of PASHs. The NPLC fractionation procedure applied to the SRM samples in this study is based on retention data reported recently for 67 PASHs and 80 alkylsubstituted (alkyl-) PASHs [26] . In the case of the three-ring PASHs and alkyl-PASHs, the NPLC fractionation procedure provided no additional benefits because all the isomers were present in the same NPLC fraction. However, the NPLC fractionation of the three SRMs significantly simplified the GC/ MS analysis for the four-and five-ring PASHs.
Materials and methods

Chemicals
The PASHs and alkyl-PASHs included in this study are listed in Tables 1 and 2 , respectively, with the abbreviations used in this paper. Molecular structures and sources for all PASHs [24] and alkyl-PASHs [25] included in this study are published elsewhere. The SRMs included in this study were obtained from the Office of Standard Reference Materials at NIST (Gaithersburg, MD, USA). SRM 1597a is a complex mixture of PAHs in toluene isolated from a coal tar sample collected from a medium crude coke oven. SRM 1991 is a complex mixture of PAHs isolated from a mixture of coal tar and a petroleum extract in dichloromethane (DCM). SRM 1975 is a complex mixture of PAHs extracted from a diesel particulate matter sample (SRM 2975) collected from an industrial diesel-powered forklift. DCM (99.8%) and n-hexane (98.5%) were obtained from Fisher Scientific (Pittsburgh, PAH, USA).
NPLC-GC/MS analysis
The NPLC fractionation instrument, column, separation conditions, and fractionation procedure are reported in an earlier study on the identification of PAHs and methylPAHs in SRM 1597a [27] . The GC/MS instrument, column, and separation conditions are the same as reported previously for the PASHs [24] and alkyl-PASHs [25] included in this study.
Results and discussion
The qualitative characterization of the parent three-, four-, and five-ring PASHs via NPLC-GC/MS is summarized in Table 1 . The identification of the three-and four-ring alkylPASHs is summarized in Table 2 . Three criteria were used in the identification of the individual PASHs: (1) the NPLC retention times of PASH reference standards on the semiprep NH 2 column, (2) GC retention times of the PASH reference standards on the 50% phenyl stationary phase (SLB-PAHms), and (3) the predominant molecular ion peak in the mass spectrum.
The NPLC chromatograms for the fractionation of SRMs 1597a, SRM 1991, and SRM 1975 are shown in Fig. 1a , b, and c, respectively. Based on these chromatograms, the increased sample complexity for PASHs can be identified in the following order: SRM 1597a > SRM 1991 > SRM 1975. SRM 1597a provided the largest number of identified PASHs (Tables 1 and 2 ), which included 35 non-substituted parent PASHs and 59 alkyl-PASHs. In SRM 1991, 31 non-substituted parent PASHs and 58 alkylPASHs were identified, which indicates the similarities between the two coal tar samples. For the diesel particulate extract (SRM 1975), only 13 non-substituted PASH isomers and 25 alkyl-PASHs were identified. The following sections will discuss in detail the PASHs identified in the three SRMs, differences in the PASH profiles between the Three-ring PASHs
coal tar and diesel particulate samples, and the benefits of using NPLC fractionation prior to GC/MS analysis for certain isomer groups.
Three-ring PASHs
The GC/MS chromatograms obtained for the three-ring MM 184 Da cata-condensed (cata-) PASH isomers in the non-fractionated SRM samples are shown in MeN12T isomers, and 7 MeN21T isomers. In the case of 2-MeN12T, the isomer is almost completely co-eluting in the GC/MS chromatogram using the 50% phenyl phase. However, both isomers can be baseline separated when using an ionic liquid GC stationary phase [25] . The four MeDBT isomers were the only MM 198 Da PASHs identified in the diesel particulate extract (SRM 1975) . The GC/MS chromatograms obtained for the three-ring MM 212 Da DiMeDBT and ethyl-substituted (Et) DBT isomers in the non-fractionated SRM samples are shown in Fig. 2 . In the case of SRM 1597a, 3 EtDBT isomers and 14 DiMeDBT isomers are identified. 1,2-DiMeDBT was the only MM 212 Da PASH isomer not identified in the samples. Two isomer pairs, i.e. 3-EtDBT/3,6-DiMeDBT and 1,8−/3,7-DiMeDBT, co-eluted on the 50% phenyl stationary phase, but confirmation of these isomers was obtained using a 50% LC-DMPS stationary phase (data not shown) that is able to separate these isomers [25] . The relative signal of the DiMeDBT isomers is significantly higher than the EtDBT isomers in the three SRMs. In the case of SRM 1597a, there is a large presence of other chromatographic peaks which could possibly be from the DiMe isomers of N12T, N21T, and N23T. Most of these peaks are not present in the GC chromatograms of SRM 1991 and 1975, which is partially expected with the significantly lower concentration observed for the non-substituted parent compounds in these samples (Fig. 2) . The GC/MS chromatograms obtained for the three-ring MM 226 Da TriMeDBT isomers in the three SRMs are shown in Fig. S3 (see ESM) . The 2,4,6-, 2,4,7-, and 2,4,8-TriMeDBT isomers were clearly identified in the three samples. In the case of SRM 1597a, 2,3,7-TriMeDBT was identified but co-elutes with another unidentified compound.
Four-ring PASHs
The GC/MS chromatograms obtained for the four-ring MM 208 Da peri-condensed (peri-) PASH isomers in the nonfractionated SRM samples are shown in Fig. S4 (see ESM) . P19T was identified in SRM 1597a with a relatively strong signal, but P19T was identified in SRM 1991 slightly above the chromatographic noise and was not identified in SRM 1975. In the three chromatograms, there is an asterisk representing the identification of one additional MM 208 Da isomer that has a higher signal abundance than P19T. In the NPLC fractionation separation, the unidentified MM 208 Da isomer eluted in F3 and P19T eluted in F4 with no significant chromatographic improvement in the GC/MS chromatograms (ESM Fig. S5) .
The GC/MS chromatograms obtained for the four-ring MM 234 Da cata-PASH isomers in the non-fractionated SRM samples are shown in Fig. 3 . A12T and BbN23T were the only two isomers to co-elute on the 50% phenyl stationary phase, but confirmation of these two isomers was obtained using a 50% LC-DMPS stationary phase (data not shown) that provides a baseline separation for these two isomers [24] . The three benzonaphthothiophenes have been reported in the COA a Isomers sets are tentatively identified due to co-elution on the 50% phenyl GC stationary phase Three-ring PASHs
Four-ring cata-PASHs
for SRM 1597a previously [10] . In the current study, 10 additional MM 234 Da cata-PASH isomers were identified that have not been reported previously. The GC/MS chromatogram for SRM 1991 provided a profile similar to SRM 1597a except that A23T was not identified. BbN12T, BbN21T, P43T, and P23T were the only MM 234 Da cata-PASH isomers identified in SRM 1975. The GC/MS chromatograms obtained before and after NPLC fractionation for the 13 MM 234 Da cata-PASH isomers in SRM 1597a are shown in Fig. S6 (see ESM) . Based on the retention behavior reported by Wilson et al. [26] , these isomers eluted as expected in three different NPLC fractions. However, the NPLC fractionation procedure did not benefit the identification of this isomer group for these samples since A12T and BbN23T eluted together in F6.
The GC/MS chromatograms obtained for the four-ring MM 248 Da cata-MePASH isomers in the non-fractionated SRM samples are shown in Fig. 4 . In the case of SRM 1975, 10-MeBbN21 T was the only isomer identified in the GC/MS chromatogram. The GC/MS chromatograms for SRM 1597a and SRM 1991 provided similar profiles with a total of 19 peaks representing the presence of MM 248 Da cata-PASH isomers. The GC/MS chromatograms obtained before and after NPLC fractionation for the MM 248 Da cata-MePASH isomers in SRM 1597a are shown in Fig. S7 (see ESM) . The NPLC fractionation only separated the isomers 1-MeBbN12T and 7-MeBbN23T into F5 and F6, respectively. A total of 20 of the possible 30 isomers were identified in SRM 1597a and 1991, while 7 additional co-eluting isomers were tentatively identified (Table 2 ) based on the NPLC-GC/MS method. 
a,b,c Isomers sets are tentatively identified due to co-elution on the 50% phenyl GC stationary phase
Five-ring PASHs
The GC/MS chromatograms obtained for the five-ring MM 258 Da peri-PASH isomers in the non-fractionated SRM samples are shown in Fig. 5 . There were 10 reference standards available for this isomer group, which allowed for the identification of B23P45T, B12P34T, and B12P43T based on their retention times. The remaining seven isomers were tentatively identified based on the retention times of the reference standards; however, co-elution between the following isomers sets would require NPLC fractionation prior to GC/MS analysis: (1) Py45T and TriP45T, (2) C45T and Py12T, and (3) Py21T, B45P19T, and B45P91T. The GC/MS chromatograms obtained before and after NPLC fractionation for the five-ring MM 258 Da peri-PASH isomers in SRM 1597a are shown in Fig. 6 . In the case of set 1 and 2, TriP45T and C45T were identified in F6, while Py45T and Py12T were identified in F7. In the case of set 3, B45P19T and B45P91T were identified in F8 and By21T was identified in F9. After NPLC fractionation, 16 additional MM 258 Da peri-PASH isomers were The GC/MS chromatograms obtained for the five-ring MM 284 Da cata-PASH isomers in the non-fractionated SRM samples are shown in Fig. 7 . There were 20 reference standards available for this isomer group, which allowed for the identification of DiN1221T, BbP34T, and DiN1223T in all three SRM samples. A21BT, A12BT, A23BT, and DiN2323T were only identified in SRM 1597a and SRM 1991. Due to co-elution, BbP910T and DiN1212T were tentatively identified in the GC/MS chromatograms of all three SRMs. The GC/MS chromatograms obtained before and after NPLC fractionation for the five-ring MM 284 Da cata-PASH isomers in SRM 1597a are shown in Fig. 8 . DiN1221T, BbP910T, and DiN1212T were identified in F8. BbP910T and DiN1212T eluted in the same NPLC fraction as expected based on the previously published NPLC retention data [26] . A21BT, A12BT, BbP34T, DiN1223T, A23BT, and DiN2323T were identified in F9. In the case of BbP34T and A23BT, interfering chromatographic peaks were eliminated from the GC/MS chromatograms through the NPLC fractionation. Both interfering peaks (1 and 6) were identified in F10. 
Conclusions
The research is the most extensive qualitative characterization of isomeric PASHs and alkyl-PASHs in three combustionrelated SRMs: 1597a (coal tar), 1991 (coal tar/petroleum extract), and 1975 (diesel particulate extract) to date. The combination of NPLC fractionation and GC/MS allowed for the identification of 94, 89, and 38 PASHs/alkyl-PASHs in SRM 1597a, SRM 1991, and SRM 1975, respectively. These identifications were based on GC retention data, NPLC retention data, and the predominant molecular ion peaks. The NPLC fractionation procedure increased the number of PASHs identified in the three SRM samples emphasizing its importance for complete and accurate characterization of complex combustion-related samples. The coal tar samples have similar PASH profiles in the GC/MS chromatograms. However, the diesel particulate extract contained significantly lower number of PASHs. The NPLC-GC/MS method presented here will serve as a guide for future quantitative measurements of PASHs in various SRM samples.
